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ABSTRACT 
This paper reports an electron microscope study of typical and atypical  sper- 
matogenesis in  the  pond  snail,  Cipangopaludina malleata. 
In the typical spermatid  the nucleus undergoes profound changes as develop- 
ment proceeds, affecting both its form and internal fine structure. A large number 
of roughly parallel, dense filaments, arranged along the long axis of the nucleus, 
fuse with each other to form in the end  the homogeneous helical body  charac- 
teristic of the head of the adult spermatozoa. The nebenkern is apparently mito- 
chondrial  in nature  and,  in its early  development, is similar to  that  of insects 
except that  it appears as a  double structure  from the beginning. As differentia- 
tion  proceeds,  the  mitochondria  lose  their  membranes,  and  the  residual,  now 
denuded  cristae,  reorganize  to  give a  parallel  radial  arrangement.  In  the  last 
stages of development, the nebenkern derivations become applied to the sheath 
of  the  middle  piece in  a  compact  helical  fashion. 
In the development of the atypical spermatozoa, the nucleus fails to differen- 
tiate and simply shrinks in volume until only a remnant, devoid of DNA, is left. 
The cytoplasm shows numerous vesicles containing small Feulgen-positive bodies, 
80  to  130  m~ in  diameter.  These  vesicles plus contents increase  in  number  as 
spermatogenesis  proceeds.  The  "head"  structure  of  the  atypical  spermatozoa 
consists of a bundle  (7 to 17) of tail flagella,  each with a centriole at its anterior 
end.  The end-piece of the atypical  form appears  brush-like  and  is made up  of 
the free ends of the several flagella. 
INTRODUCTION 
As part of a  comparative study  of animal sper- 
matogenesis we have investigated the structure  of 
the  developing  spermatids  of  the  pond  snail  Ci- 
pangopaludina  malleata. From the historical point 
of view, it is  interesting  to  recall  that  yon  Sie- 
bold  (1)  found  in  1836  the existence of two types 
of  spermatozoa  in  Viviparus,  namely:  a  normal 
flagellate  type  having  head  and  tail~  and  an  ab- 
normal worm-shaped type having a small quantity 
of chromatic substance  in  its head  and  many  tail 
flagella.  Meves  (2)  termed  the  normal  type 
"eupyrene," the abnormal  that has a  small quan- 
tity of chromatic substance "oligopyrene," and the 
abnormal  having  no  chromatic  substance  "apy- 
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rene."  Kuschakewistch  (3)  described  the  normal 
spermatozoa  as  "typical"  and  the  abnormal  as 
"atypical." 
Meves (2)  found  that atypical spermatozoa are, 
like  normal  spermatozoa,  produced  through  two 
maturation  divisions.  These  maturation  divisions 
differ  however  from  those  undergone  by  typical 
spermatids  in  that  most  of  the  chromatic  sub- 
stance  is ejected  from  the  nucleus  into  the  cyto- 
plasm. Stephans(5), Lares (6), and Kuschakewitsch 
(3, 4) reported the disappearance  of the chromatic 
substance  during  maturation  and  emphasized  the 
"apyrene"  type.  Takeya  (7),  however,  held  a 
different  opinion,  and  stated  that  in  Melania 
libertina (Gould)  both  types have a  large quantity 
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of  chromatic  substance,  and  can  not  be  differ- 
entiated into eupyrene and oligopyrene. In various 
species  of  Prosobranchiata,  Gatenby  (8),  Gold- 
schmidt  (9),  and  Gutherz  (10)  regarded  the 
atypical  spermatozoa  as  degeneration products, 
while Ankel (11) regarded them as indications of 
ovogenesis. 
Although sperm  dimorphism has  been studied 
in various animals by classical cytological methods 
as mentioned above, details of the complex differ- 
entiation process involved have remained obscure 
owing to the limited resolving power of  the light 
microscope.  Recent advances ia electron micros- 
copy have revealed a surprising variety of  chang- 
ing structural arrangements within the spermatid 
nuclei of various animals at different stages of de- 
velopment (12-21).  Electron microscopic investi- 
gations have demonstrated, for instance, a regular 
arrangement of nuclear material at an early stage 
of development and pronounced alterations of its 
arrangement during maturation. In the course of 
the present studies on the development of sperma- 
tids  of  typical  and  atypical  spermatozoa,  both 
nuclei and cytoplasm were examined. The observa- 
tions made on their fine structural details seem of 
sufficient interest to warrant report at this time. 
Mitochondria have been intensively studied by 
electron  microscopy  and  their  characteristic  in- 
ternal structure well defined (22-30), but peculiari- 
ties like those encountered in the typical spermatid 
of Cipangopaludina malleata have so far received 
little  attention. The  present study  has  revealed 
that,  in sections, spermatid mitochondria appear 
always  as  doughnut-shaped profiles.  The  folded 
membranes,  termed  cristae  mitochondriales  by 
Palade  (22, 23),  are  arranged  in  radial  fashion 
extending from  the  inner membrane toward  the 
central portion which is free of electron scattering 
material. 
The riddle of  the origin and fate of the neben- 
kern has  interested some of  the  most prominent 
workers in cytology. A brief review of the literature 
(31-35)  will be given at the  close  of  the present 
paper,  after  the  description of  our  observations 
has been presented. 
No  structural  differences  have  been  observed 
by light microscopy in the cytoplasm during the 
formation of typical and atypical spermatozoa. It 
was  therefore  decided  to  examine both  types  of 
spermatids through each stage of their maturation 
with  the  electron  microscope  in  the  hope  that 
structural  details  would  become  apparent.  As  a 
result of  this study it is possible to demonstrate 
that the atypical spermatids have a  cytoplasm of 
characteristic structure. 
Materials and Methods 
The material used in this work consisted of testes 
of  the  pond  snail,  Cipangopaludina malleata. The 
fixation was carried out at 10°C. for 4 hours in 1 per cent 
osmium tetroxide adjusted with veronal-acetate buffer 
to  pH  7.2. Thereafter,  without  washing  in  distilled 
water (21), the specimens were dehydrated rapidly in a 
graded series of ethanols, impregnated with a mixture 
of 20 per  cent  methyl  methacrylate  and 80 per  cent 
n-butyl methacrylate,  and  finally embedded in  the 
same resin by polymerization with 2,6-dichlorobenzoyl 
peroxide at 46°C. Sections, ~-~200 to 500 A in thickness, 
were cut with a Shimamdzu microtome, and mounted 
on grids coated with either formvar or collodion. They 
were  examined, without  removing  the  embedding 
plastic,  in  an  Akashi  electron  microscope,  model 
TRS-50 and micrographed at  magnifications ranging 
from  2,000 to  15,000. Higher  magnifications  were 
obtained by photographic enlargement of the electron 
micrographs. 
For  light  microscopy, smear preparations  of adult 
spermatozoa were fixed with methanol and stained with 
hematoxylin-eosin or  the  Feulgen nuclear  technique. 
Light  microscope observations  on  the  cytology  of 
spermatids were carrie  d out in sections. The testes were 
fixed in  Carnoy's fluid,  osmium  tetroxide,  modified 
Benda  fixative,  or  formaldehyde.  The  sections were 
stained by the Feulgen nuclear technique or with methyl 
green-pyronine. Standard cytological methods were also 
used to demonstrate general cell structure. 
OBSERVATIONS 
Development of  Typical  Spermatids.--All  mito- 
chondria in the  early spermatid are located in a 
well  defined region of  the  cytoplasm, namely in 
the  vicinity of  the  Golgi  complex  (dictyosome) 
(Fig. 1). Most of the mitochondria have doughnut- 
like  profiles  sharply  outlined  and  different  in 
density from the rest of the cytoplasm. Each mito- 
chondrion is found to possess a limiting  membrane, 
a  system of internal ridges and a  matrix. The in- 
ternal ridges,  (cristae mitochondriales) appear as 
double membranes arranged radially and extend- 
ing into the interior of the organelle without reach- 
ing the other side. Thus, a central portion is always 
left  free  of  cristae.  The  matrix  of  the  average 
mitochondrion in between the cristae is relatively 
homogeneous  and  appears  structureless  at  the 
resolution available. It  is in general denser  than 
the matrix of the cytoplasm. In the central region 
of the organelles, in which the cristae are absent, 
the mitochondrial matrix is either absent or very 
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As the development of the spermatid proceeds, 
the mitochondria leave the  Golgi complex, which 
elaborates  the  acrosome,  and  migrate  to  the 
Posterior part of the cell where, close to the nucleus, 
they cluster into two distinct masses: the neben- 
kerne (Fig. 2).  Within each nebenkern,  the mito- 
chondria coalesce, their individual limiting mem- 
branes are lost, while the cristae persist and appear 
at  first  tightly  packed,  but  randomly  disposed. 
The persisting cristae are composed of well defined 
double membranes with a  total thickness of about 
160 A  which includes two 40 A  thick membranes 
of high density and a  lighter intervening space of 
about  80  A.  Later  the  cristae appear again  dis- 
posed radially, leaving in the center of the neben- 
kern a  light space which seems to be surrounded 
by a  limiting membrane. The juxtanuclear bodies 
(nebenkerne)  so formed are similar in shape and 
structure  to  the  original mitochondria and  differ 
only in their larger size. The examination of many 
electron micrographs including some of serial sec- 
tions has shown  that,  in this material, the mito- 
chondria  range  in  diameter from  0.75  to  1.05 
and nebenkerne from 1.00 to 1.33 ~. The Golgi com- 
plex  in  the  early  spermatid  is  represented  by 
parallel double membranes, small spherical vesicles, 
and  a  large vesicle which occasionally contains a 
dense mass (Fig. 3). 
At a subsequent stage in the development of the 
spermatid a  pair of mitochondrial bodies can  be 
seen at the base of the nucleus  (Fig. 4). The nu- 
cleus itself is approximately spherical and appears 
packed with a considerable number of fine granules 
or fine fibrils. The posterior region of the nucleus 
shows  a  slight  concavity  which  becomes  deeper 
as  the  nucleus  develops.  A  dense,  short,  rod- 
shaped centriole is located in the concavity. The 
tail  filaments  which  increase  steadily  in  length 
appear to be closely related to this centriole (Fig. 
4). 
As the differentiation of the spermatid proceeds 
further  the  mitochondrial  bodies  increase  in  di- 
ameter  and  encircle completely the  beginning of 
the  tail  filament  (Fig.  5).  Then  they  elongate, 
while their posterior, apparently growing extremi- 
ties, swell (Fig. 6). Finally each nebenkern deriva- 
tive takes the form of an elongated body wrapped 
helically around the bundle of tail filaments (Figs. 
6, 7, 9 and 10). Each of these mitochondrial bodies 
is  limited  by  a  double  membrane  and  contains 
numerous  tightly packed crista-like elements dis- 
posed  parallel to  one  another  and  perpendicular 
to the long axis of the tail filaments (Figs. 6 to 10). 
In  micrographs  of  typical  spermatids  in  ad- 
vanced stages of differentiation it is possible to see 
a fairly well organized structure within the conical 
nuclei. In longitudinal sections the component ele- 
ments of this structure appear as dense lines vary- 
ing in thickness from 100 to 160 A  (Figs. 7 and 8) 
and generally disposed parallel to the long axis of 
the nucleus.  In cross-sections through  the  nuclei 
the same elements appear as small, dense, round 
profiles. In  oblique sections some  elements show 
round profiles while others appear as short, narrow 
bands sometimes concentrically disposed (Fig. 8). 
The findings indicate therefore that the structural 
element found in the nucleus is a dense filament or 
fibre  of  indefinite  length  and  100  to  160  A  in 
diameter. 
While the spermatid nuclei increase in length and 
decrease  in  width,  the  structural  elements  de- 
scribed above become progressively more twisted 
and  give  the  impression  of  being  disposed  in  a 
loose helix (Fig. 9).  At the same time it appears 
that  some  mechanism  causes  the  aggregation of 
the originally thin fibres into progressively thicker 
structures (Fig. 11). In this stage the acrosome can 
be seen as a dense body located at the apex of the 
nucleus (Fig. 11)~ 
During further differentiation into spermatozoa, 
the  pitch  of  the  helix described  by  the  nuclear 
strands decreases noticeably and  as a  result  the 
number of helical turns rises (Fig. 12). The nuclear 
strands  increase  in  diameter  and  the  spaces  be- 
tween them are progressively reduced until finally 
the  strands seem  to  fuse  and  interspaces are no 
longer resolvable with the microscope used in this 
study. Longitudinal sections through  the head of 
mature  spermatozoa frequently  show  a  series of 
dense  oval  bodies  which  decrease  in  thickness 
from the base to the tip of the conical head, and 
appear to be disposed parallel to one another at an 
oblique angle to the long axis of the sperm head 
(Fig. 14). It is concluded that they represent pro- 
files of the helical turns of the head and the con- 
clusion  is  clearly supported  by  light  microscope 
observations  of  mature  spermatozoa  in  smear 
preparations. Such preparations (Fig. 13)  demon- 
strate  convincingly the  helical form  of  the  head 
and  show in addition the other component parts 
of  the  spermatozoan;  i.e.,  its  middle-piece  en- 
closed in a dense sheath and its free end-piece. The 
light micrographs also indicate that the diameter 
of the helix is large enough to explain the appear- 
ances  encountered  in  the  electron micrograph of 
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The head cap or cover consists of double mem- 
branes with 50 to  100 m~ interspace. Discontinu- 
ous striations of intermediate density can be seen 
between  the  double  membranes.  The  anterior 
region of the head is flattened and bordered by the 
acrosomal harpoon barb  (Fig.  15). Cross-sections 
through the heads of mature spermatozoa demon- 
strate various kinds of internal structure according 
to the level of sections. The internal structure con- 
sists of homogeneously dense and less  dense sub- 
stance  in  various  ratios.  The  centriole  or  the 
proximal part of the tail flagellum can be seen in 
the sections through the lower portion of the head. 
The head is enveloped with a ring profile about 50 
to 100 m# in width in which 16 to 18 dot-like densi- 
ties can be observed (Fig. 16). 
Development  of  Atypical  Spermatids.--In  sec- 
tions, the early atypical spermatids appear larger 
in  size  than  their  typical  counterparts,  their 
nucleus is irregularly shaped and their cytoplasmic 
structure  is  highly  characteristic  (Fig.  17). The 
nucleus contains a  considerable number of  small 
dense granules about 300 A in diameter which in 
general  appear  to  be  dispersed  at  random  al- 
though in some places they seem to be arranged in 
short,  coiled  strands. The nucleoli are prominent 
but do  not show  evidence of  being composed of 
nucleolonemata. In the cytoplasm, a  voluminous 
Golgi zone and numerous mitochondria occupy the 
juxtanuclear region. The rest of the endoplasm is 
filled with a large number of oval or round vesicles 
of various sizes  which represent the endoplasmic 
reticulum of the spermatid. At the periphery of the 
cell body a characteristic and apparently new cyto- 
plasmic  component  is  encountered  in  relatively 
large numbers. It is a  vesicular structure 0.45  to 
0.70/z in diameter limited by a well defined mem- 
brane and containing one to four dense granules 
80 to 230 m/~ in diameter. Since only circular pro- 
files  of  such granules are  encountered, it can be 
safely assumed that in three dimensions they are 
more or less spherical bodies. Their density, though 
variable,  is  characteristically  high  (indicating 
either a  low water content in situ  or a particular 
affinity for osmium oxides)  and is rendered more 
evident by  the  fact  that  inside the  vesicles  the 
granules are surrounded by a  matrix of very low 
density. At the present level of resolution, most of 
these  granules  appear  to  be  devoid  of  internal 
structure. 
As the metamorphosis of the atypical spermatid 
proceeds,  the  nucleus becomes  smaller  (Fig.  18) 
than that of a  typical cell and its shape changes 
gradually into a  crescent.  During the  elongation 
of the spermatid the bulk of the cytoplasm shifts 
to the posterior part of the cell while the nucleus 
moves towards the anterior pole of the cell body. 
Many tail filaments begin to develop in the post- 
nuclear region and extend posteriorly through the 
cytoplasm  while  mitochondria aggregate  around 
them (Figs.  18 to 22).  At this stage the vacuoles 
containing dense granules, originally restricted to 
the periphery of  the cell increase in number and 
appear  distributed  throughout  the  entire  cyto- 
plasm with the exception of the zone immediately 
surrounding the  developing  tail  filaments  (Figs. 
21, 22, 24 to 26). It is interesting to note that many 
of  these vacuoles lie in close association with the 
cell membrane and appear to open through a pore 
in the intercellular spaces (Fig. 21). In this way the 
dense  material  of  the  granules  could  reach  the 
extracellular medium. In this respect,  it may be 
noted  that  the  nutritive  cells  surrounding  the 
atypical spermatids contain large dense bodies of 
complex structure (Fig. 22), which may be lipide 
inclusions or may represent the granular material 
of the spermatid vacuoles discharged in the inter- 
cellular spaces  through  the  pores  described,  and 
collected by the nurse cells. The spermatid mito- 
chondria  aggregated  along  the  developing  tail 
filaments  coalesce  to  form  elongated  masses  of 
relatively large size. At the same time the vesicu- 
lar bodies surrounding the  tail filaments increase 
in size, become irregular in shape, and apparently 
lose the dense granules contained in their cavities. 
Finally, they  probably fuse  into large  vacuoles, 
with a low density content, located along the tail 
filaments (Figs. 21, 22, and 25). During the migra- 
tion of the nucleus to the anterior pole of the cell, 
the Golgi complex appears to be displaced in the 
opposite  direction  and  is  usually  found  in  the 
posterior part of the cell (Figs. 21 and 22). At later 
stages, in which the spermatids show considerable 
elongation, the vesicular bodies seem  to be again 
concentrated at the periphery of the cell and they 
occasionally contain relatively large, dense bodies 
(Figs. 19, 20, and 22) presumably arising from the 
fusion of the smaller intravesicular granules. 
The  granules  described  within  the  vesicular 
bodies do not seem to be artefacts formed by pre- 
cipitation of OsO4 derivatives during fixation. In 
OsO4-fixed specimens  they  were  found  regularly 
with  a  characteristic  distribution in  the  various 
stages  of  spermatid  development.  In  specimens 
fixed with formaldehyde, modified Benda fixative 
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scope,  the  vesicular bodies appeared poorly pre- 
served but in the best fixed parts of the specimens 
the  electron  microscope  showed  recognizable, 
though  more  or  less  aggregated  granules.  After 
appropriate  staining  the  granules  appeared  in- 
tensely basophilic in  the  light  microscope.  It  is 
particularly  interesting  that  they  also  gave  a 
Feulgen-positive reaction. All these findings indi- 
cate  that  the intravesicular granules are genuine 
cytoplasmic components  and  do  not  result  from 
the precipitation of osmium oxides during fixation. 
As  the  spermatid  develops,  the  diminishing 
crescentic  nucleus  migrates  progressively to  the 
periphery of the cell until it comes in contact with 
the  cell membrane  (Figs. 22,  24  to  26).  At  that 
time two types of nuclei are distinguishable. One is 
devoid of most of its contents and apparently com- 
posed of only the nuclear double membrane  (Fig. 
22). The other retains a  small amount of granular 
material (Figs. 24  to 26). The  crescentic nucleus 
gradually becomes  deformed  into  a  curved  shell 
which appears as a horseshoe in section and which 
envelops in its concavity a  bundle of tail flagella 
(Figs. 25 and 26). 
In  photomicrographs,  the  heads  of  mature 
atypical  spermatozoa  stained  with  hematoxylin- 
eosin  vary  in  staining  intensity  and  appear  in 
various forms such  as elongate oval, rhombic, or 
rod-shaped. The heads of mature typical sperma- 
tozoa have the helical form already described and 
stain intensely with hematoxylin as well as with 
the Feulgen nucleal technique. In atypical sperma- 
tozoa  the  heads  stain  faintly  with  hematoxylin 
and their Feulgen reaction is negative (Fig. 13). 
Longitudinal sections (Figs. 23, 27, and 28)  and 
cross-sections (Figs. 29 and 30) reveal that mature 
atypical spermatozoa belong to at least two differ- 
ent  types as  far  as  their  head  structure  is  con- 
cerned. The head of one type consists of a bundle 
of  tail filaments, with a  centriole at the apex of 
each filament, all surrounded by a relatively thick 
hood  of  fine  granular  structure  presumably  of 
nuclear origin; the head of the other type contains 
only a  bundle  of  tail filaments surrounded  by  a 
double  limiting  membrane,  and  without  corre- 
sponding hood structure. The former type probably 
corresponds to  the  dense,  rod shaped heads seen 
in  the  light microscope, and  the  latter  to  those 
which under light optics appear to be of low density 
and of long oval or rhombic shape. 
In photomicrographs of smear preparations (Fig. 
13),  the  middle-piece of  atypical spermatozoa  is 
clearly  thicker  than  that  of  the  typical  ones. 
Stained preparations reveal a  series of basophilic 
granules  in  the  middle-piece  of  some  atypical 
spermatozoon.  Electron  microscope  observations 
confirm light microscope findings and  show  that 
the middle-piece of atypical spermatozoa consists 
of seven to seventeen tail flagella surrounded by a 
thick sheath comprised of a  series of well defined 
bodies with varying density (Figs. 20, 27, 28, 31). 
In addition, a dense round body is sometimes found 
in the interior of the middle-piece (Fig. 31). The 
end-piece of atypical spermatozoa consists of many 
separated tail flagella, each of which is composed 
of  nine  peripheral  double  filaments  surrounding 
two  central  filaments  10  m/~  in  diameter.  The 
outer  membrane  which  surrounds  the  bundle  of 
filaments  is  smooth,  measures  about  50  A  in 
thickness  in  a  mature  spermatozoon  (Fig.  32) 
(170  A  thick  ill  an  immature  spermatozoon 
(Fig. 20)) and does not show any helical reinforce- 
ments (Figs. 19, 20, and 32). 
DISCUSSIO.~ 
An unusual structure has been demonstrated in 
sections  through  the  mitochondria  of  the  early 
typical spermafid. Observation of many  electron 
micrographs, including some of serial sections, indi- 
cates that mitochondria are doughnut-shaped with 
a  central  space  free  of  electron  scattering  ma- 
terial.  The  mitochondrion  is  enveloped  with  a 
limiting  membrane  from  which  cristae  project; 
these in turn appear as double membranes which 
are embedded in a matrix of intermediate density. 
The formation of the nebenkern during spermio- 
genesis in  insects has  been  recently investigated 
by  electron  microscopy  (31-34).  In  the  mollusc 
Cipangopaludina malleata, the nebenkern forms in 
a  way different from that of insects. In the latter 
case, there occurs an aggregation of all the mito- 
chondria which  retain  their limiting membranes. 
They then coalesce and the cristae mitochondriales 
disappear. We report here that in the spermatid of 
the  pond  snail,  the  doughnut  mitochondria first 
lose their limiting membranes. Following this, the 
cristae aggregate in  two  spherical masses within 
which  they  are  observed  to  reorganize  and  re- 
assume  their  characteristic  arrangement.  In  the 
insect  spermatid,  all  the  mitochondria  are  col- 
lected into a single nebenkern which is then divided 
into two symmetrical hemispherical bodies. In the 
pond snail,  two  mitochondrial bodies are formed 
initially. 
Gatenby  (35)  described a  series of  changes  of 
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phobe  state  during  its  development.  Tahmisian 
et al. (32) have demonstrated the transition of the 
nebenkern from  a  dense  to  a  translucent type. 
Yasuzumi et al.  (34) have revealed that the trans- 
lucent type becomes dense again. The nebenkern 
of the pond snail spermatid is characterized by the 
presence of cristae-like internal structures having a 
parallel arrangement and giving rise  to  a  cross- 
banded appearance as the nebenkern grows down- 
ward  with  the  tail filament. It  is  inferred from 
their double membrane structure that the cristae- 
like elements stem from the original cristae mito- 
chondriales.  Following  the  development  of  the 
tail  filament, the  nebenkern derivatives migrate 
along the tail filament to take up their definitive 
position around the  middle-piece. The  course  of 
formation of the sheath in the typical spermatid is 
divided into at least three periods: the first period 
in  which  the  mitochondria  are  fused  into  two 
mitochondrial bodies; the next period, in which the 
paired nebenkern derivatives undergo a peripheral 
migration; and the third period, in which the very 
elongated,  shrunken  nebenkern derivatives,  110 
m/~ in width and showing a  banded structure, is 
disposed first in a loose helix and subsequently in 
a  compact helix enveloping the middle-piece. 
Grass~ et al.  (12-15) have demonstrated within the 
nucleus  an  interesting  linear  pattern  in  cross- and 
longitudinal  sections  of  developing  spermatids  of 
Helix pomatia and have assumed that the linear struc- 
tures  are  actually thin filaments, the chromonemata. 
Yasuzumi et al. (18) have demonstrated helical threads, 
which are composed of a large number of helical fila- 
ments  in  smear  preparations  of  bull  spermatozoon 
heads. Moreover, they have observed structures similar 
to those described by Grass~ in thin sections of sparrow 
spermatozoon  heads. In  the  same material  helical 
DNA  molecules have  been  discussed  in  a  higher 
magnification (17). 
Burgos  and  Fawcett  (16) have  demonstrated  a 
characteristic arrangement of coarse chromatin granules 
in advanced toad spermatids and have suggested that 
they are made up of macromolecules  in crystalline array. 
In the nuclei of maturing spermatids of a locust many 
parallel lines about 60 A thick in longitudinal section 
and contiguous polygons in transverse section have been 
observed by Gibbons and Bradfield (19). In electron 
mierographs of cross-sections of developing pulmonate 
snail spermatid nuclei Rebhun (20) has assumed that 
the linear structures observed are sheet profiles which 
appear to be hair pin loops starting and ending on the 
nuclear envelope. The elongated spermatid nucleus of 
grasshopper has displayed in cross-sections  a hexagonal 
honeycomb  pattern  and  in  longitudinal  sections  an 
array of parallel lines, 70 A in diameter and spaced 100 
to 200 A apart (21). 
In the spermatid nucleus of typical type in the 
pond snail it has been shown that the more or less 
parallel internal linear profiles  are  twisted  along 
the long axis of the nucleus; this results in twisting 
of the nucleus itself as maturation proceeds.  Thus, 
the  adult  spermatozoon  shows  a  characteristic 
homogeneous helicoidal appearance. The internal 
structures of the nucleus that give rise to the stria- 
tions therefore seem  to be flexible.  Elongation of 
the  spermatid nucleus is accompanied by a  pro- 
gressive  transformation of the thin lines into thick 
lines which are present throughout the length of the 
nucleus. It is thus clear that, on elongation, some 
mechanism causes  thin lines to  aggregate  in the 
form of  bundles of lines (Text-figs.  1 to 4). This 
sequence of  events is in general agreement with 
the interpretations in Helix por~atia (14, 15), Otala 
lactea (20), and Gelastorrhinus bicoler de Haan (21). 
More  detailed morphological information con- 
cerning the lines appearing in the spermatid nucleus 
of the pond snail will be reported elsewhere. 
The discontinuous striations with intermediate 
density between the double layers of the head cap, 
which  are  visible  in  the  longitudinal  section 
through  a  mature,  typical  spermatozoon  head, 
seem  to correspond to 16 to  18 dots appearing in 
the cross-section.  That the striations are not con- 
tinuous in a longitudinal  section but always identi- 
fied as dots in a  cross-section,  suggests that they 
are helically arranged in the head cap (Text-fig.  4). 
The atypical spermatid in the early stage of de- 
velopment is rather larger than the typical sperma- 
rid, so that the former is easily differentiated from 
the  latter  by  size.  In  the  maturing  atypical 
spermafid, it was found that the cytoplasm con- 
tains a large number of unusual  bodies. These struc- 
tures are spherical in shape,  enclosed  by a  mem- 
brane that  is almost always single.  The internal 
structure  of  the  organelle  showed  one  to  six 
granules of varying density. The granules in the 
vesicular body measure 80 to 230 m/~ in diameter, 
so that they are considerably larger than Palade's 
particles  (100  to  150  A)  (36).  Granules of  the 
spherical shape, large size, high density, and com- 
pact structure, have not been seen before with the 
electron microscope as far as is known. 
The use of such cytochemical methods as stain- 
ing with basic dye particularly staining with the 
Feulgen technique leads  the  authors  to  identify 
this component as the chromatin which originates 
from the nucleus; they will be referred to here as 
chromatin granules. This structure had  been ob- 
served  by  means  of  classical  light  microscopic G.  YASUZUMI AND  H.  TANAKA  627 
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TExT-FIGs.  1 and 2. Three dimensional drawings of segments of the nucleus of developing typical spermatids 
of a  pond snail. The nucleus is enveloped by a  double limiting membrane. In the part where the membrane is 
removed, the internal, striated structure along the long axis of the nucleus can be  seen.  The  slightly oblique 
cross-sections  through the nuclei show  a  compact array of electron dense dot-like profiles.  Text-fig.  2 demon- 
strates the structure of the nucleus in a  more advanced stage than that  shown in Text-fig.  1. 
techniques, and was  called  "Chromatinelements" 
(3),  "blAschenfOrming  umgewandelte  Chromo- 
somen" (2), or Kernchen (2), or "Mitochondrien" 
(7). 
During the early stages of the atypical spermatid, 
the chromatin granules are disposed in the periph- 
eral portion of  the cell. As the cell elongates and 
the  tail  filaments develop,  the  chromatin  bodies 
are  distributed  throughout  the cytoplasm, except 
for  the  zone  of  the  developing tail filaments.  As 
the  nucleus  shrinks,  the  spherical  bodies  in  the 
cytoplasm appear  to become more numerous sug- 
gesting that the vesicular bodies and their granules 
originate from  the  nucleus. As  the cell elongates, 
leaving only a  thin layer of  cytoplasm surround- 
ing  the  developing  tail  filaments,  the  chromatin 
bodies  are  again found  in  the  peripheral  portion 
of the cell and finally they contribute to the forma- 
tion  of  the  sheath  of  the  middle-piece.  At  that 
time, the few granules in the vesicular bodies have 
coalesced  to  larger  homogeneous  granules.  That 
they have lost their intense basophilic character is 628  SPERMATOGENESIS REVEALED  BY  ELECTRON  MICROSCOPY.  VI 
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T~.xT-FIc.  3. Three dimensional drawing of segments of the nucleus from a  more advanced stage of sperma- 
tid development than the previous ones. The intranuclear, parallel striations increase their width as they pro- 
gress along a  loose helical path along the long axis of the nucleus. The slightly oblique, cross-section through 
the nucleus shows the compact, dot-like profiles and  the concentrically arranged  striations. 
TEXT-FIG. 4.  Three dimensional drawing of the apical portion of a  typical, mature spermatozoon from the 
testis of a  pond snail.  The head is enveloped by a  double head cap in which 16 to 18 fibrils can be seen loosely 
winding along the long axis of the head. The intranuclear, electron dense elements make their way helically along 
the long axis of the head. The acrosome appear as a  harpoon-like structure. G. YASUZUMI AND  H.  TANAKA  629 
adjudged  from  the  fact  that  the  sheath  of  the 
middle-piece of  adult  spermatozoa  fails  to  stain 
with basic dyes. 
The mitochondria in the atypical spermatids are 
filled  with  dense  material  and  the  cristae  are 
scarcely visible. The  mitochondria are  most  fre- 
quently encountered near the developing tail fila- 
ment where they participate in making the sheath 
of  the  middle-piece together  with  the  chromatin 
bodies.  The basophilic granules appearing in the 
middle-piece of some adult spermatozoon in smear 
preparations  seem  to  be  the  remnants of  mito- 
chondria,  because  in  electron  micrographs  the 
remnants of mitochondria are found in cross-sec- 
tions  through  the  middle-piece  at  sites  corre- 
sponding to the location of basophilic areas in the 
smear preparation. The sheath of the middle-piece 
is composed of a layer of electron dense bodies of 
two kinds: one is homogeneous in appearance and 
the other heterogeneous. The former is assumed to 
have originated from the chromatin body deriva- 
tives and the latter from the mitochondria. How- 
ever, our observations do not permit us to explain 
how the heterogeneous dense bodies of the middle- 
piece originated from the mitochondria or why the 
chromatin  body  derivatives  are  no  longer 
basophilic. 
Recently,  the  structure  of  the  Golgi  complex 
(dictyosome)  in  a  few  invertebrates  has  been 
described in detail by Gatenby et al.  (37),  Grass6 
et  al.  (38),  Beams  et  al.  (39),  Grass6  (40) and 
Grass6 et al.  (41). The Golgi complex in the typical 
and atypical spermatids of the pond snail appear 
in electron micrographs as a duplex structure com- 
posed  of  a  group  of  parallel double membraned 
lamellae and  a  group  of  associated  vacuoles  of 
varying sizes. This arrangement is in good  agree- 
ment with the above mentioned workers' observa- 
tions. 
Although in the present study the formation of 
the acrosome of the typical spermatozoon, shown 
in Figs.  11  and  15  and Text-fig. 4, has not been 
traced, it can be stated that it is derived in asso- 
ciation with the  Golgi complex,  and is consistent 
with the pattern revealed by electron microscopi- 
cal observations on other  forms  (42-45).  But in 
the  atypical  spermatids  the  function of  such  a 
complex and its fate are not clear in the present 
study. 
The  nucleus of  an  atypical  spermatid  in  the 
early stage  is larger and more irregular in shape 
compared  with  that  of  a  typical  spermatid.  As 
development of  the  atypical spermatid proceeds 
the nucleus becomes oval, and subsequently flat- 
tened and vesicular in form. In the late stage of 
development the flattened, navicular and shrunken 
nucleus migrates to  the peripheral portion of  the 
cell  until it  is  pressed  directly  against  the  cell 
membrane. In a  more advanced stage of matura- 
tion  the  nucleus  is  gradually  transformed  and 
assumes a horseshoe  shape in profile. 
In some spermatozoon of the atypical type, the 
head is composed of the tail flagella, surrounded by 
a  thick margin of granular homogeneous appear- 
ance, and the centrioles at the anterior end of each 
tail  flagellum.  The  granular  homogeneous  sub- 
stance originates from the shrunken nucleus which 
no longer gives a positive Feulgen reaction but still 
contains small amounts of a basophilic substance. 
In other instances, the head of the atypical sperma- 
tozoon is composed only of tail flagella which are 
surrounded by a dense membrane. 
The fine structure of the spermatozoon head has 
been difficult to examine with the light microscope, 
whereas  tail  flagella  and  the  centrioles at  their 
anterior  ends  similar  to  those  described  in  the 
present  investigation  were  demonstrated  by 
Meves (2) as early as 1903 in the atypical sperma- 
tozoon head of Paludina. He suggested that a small 
amount of chromatin was contained in the head, 
and thus preferred  the  term  "oligopyrene" sper- 
matozoa.  Stephans (5),  Lams (6),  and Kuschake- 
witsch  (3,  4)  emphasized  the  term  "apyrene." 
On  the  basis  of  evidence  afforded  by  electron 
microscope  examination as well as by other cyto- 
logical  analysis  the  atypical  spermatozoa  may 
be  interpreted as  either  oligopyrene or  apyrene. 
Although  Fukui  (46)  described  the  atypical 
spermatozoon  in  Paludina  as  having  only  one 
chromosome in the head,  such a  conclusion may 
have arisen from a misinterpretation of what were 
actually tail filaments. Morita  (47,  48)  observed 
the  existence  of  both  small  and  large  types  of 
atypical  spermatozoa  in  Viviparus,  while  the 
present  study has  confirmed at  least  two  types 
with respect to the fine structure of the head. 
The fine structure of the tail flagellum of sperma- 
tozoa from insects, fish, birds, and mammalia has 
been discussed in detail (49).  Yasuzumi (50)  has 
distinguished two  sets  of  axial  filament bundles 
based on their arrangement and origin: a  central 
set and a peripheral 'set.  The tail flagellum of the 
pond snail spermatozoon is composed of a central 
set. This is in accordance with the view of Yasu- 630  SPERMATOGENESIS REVEALED  BY ELECTRON  MICROSCOPY.  VI 
zumi  (49)  that  tail flagella in some fish  and am- 
phibian spermatozoa  operate  in one plane on the 
principle  of  the  pendulum.  Meves  (2)  demon- 
strated  twelve tail flagella in the end-piece of the 
atypical  spermatozoon  of  Paludina,  while  the 
present investigation has depicted seven to seven- 
teen tail flagella. 
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FIC.  1.  Section of a small field involving the Golgi complex (G) and mitochondria (M) in the juxtanuclear re- 
gion of the cytoplasm of a very early spermatid. Sections through the mitochondria show doughnut-like profiles. 
The internal space in the "doughnut" seems to be free of electron scattering material. The mitochondria] ring con- 
tains a  number of cristae oriented in a pronounced radial fashion. The mitochondria at the left upper portion of 
the figure  appear to have been damaged during sectioning. The Golgi  complex shows a  group of vacuoles sur- 
rounded by numerous strands of high electron scattering power. No regular structure can be recognized in the 
nucleus (N).  X  13,600. 
FIG. 2. Section through the distal portion of an early spermatid, showing a pair of mitochondrial bodies which 
are developing, and a centriole (C) situated in the concavity of the nucleus.  One (A) of the mitochondrial bodies 
is enveloped by a limiting membrane and the cristae are arranged radially towards the interior except in the cen- 
tral portion, but the other (B)  is not yet enveloped by  a  limiting membrane and the cristae are oriented at  ran- 
dom. X 37,500. 
FIC. 3.  Section showing the Golgi complex (G)  in the apical portion and part of the nucleus (N)  of an early 
spermatid. The Golgi complex is composed of a stack of parallel lamellae,  fine vesicles, and a granule of interme- 
diate density in a large lumen. X  32,000. 
FIG. 4.  Longitudinal section through an early spermatid, showing a  circular profile  of the nucleus,  a  pair  of 
mitochondrial bodies (nebenkerne) (NB)  and a  centriole from which axial  filaments of the tail are developing. 
X  18,000. THE JOURNAL OF 
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Fro. 5. The tail filament (T)  is developing from the centriole (C)  in the maturing spermatid. A part of Golgi 
complex (G)  can be seen in the anterior end of the cell. A pair of hemispherical mitochondrial bodies (NB) are 
aligned on either side of the tail filament. Note  the presence of cristae-like structures oriented radially in the 
peripheral part  of the upper  nebenkern.  X  20,000. 
FIG. 6. This section illustrates the lengthening of the nebenkern. The arrows indicate parallel arrangements of 
cristae-like structures each of which is composed of a double membrane. The nebenkern derivatives are enveloped 
with a double membrane (D).  X  33,600. THE JOURNAL OF 
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FIG.  7. The nucleus depicted here in longitudinal section is a  more advanced one. It is enveloped with an elec- 
tron dense discontinuous membrane. Fibrils about 100 A or less in diameter are shown running along the longitu- 
dinal axis of the nucleus. "Ihe nebenkern derivatives with conspicuous cristae-like structures are twisted around 
the tail filaments. The end-piece  (E)  of a  spermatozoon can be seen at the left side of the figure.  X  50,000. THE JOURNAL OF 
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FIG.  8.  Parts of three late spermatids are shown. The larger piece is a  bngitudinal section parallel to the sper- 
matid axis. The longitudinal striations about 160 A thick can be seen in the nucleus. The developing tail flagellum 
is composed of axial filaments, a  sheath with cristae-like structure  (arrows)  and a  double membrane (D). At the 
lower right is a  cross-section through a developing tail flagellum (T). At the lower left is a  slightly oblique cross- 
section through a  nucleus  (N).  The dot-like central structures are cross-sections of the filaments seen in longi- 
tudinal section in the nucleus above.  Because of the obliquity of the section, they appear to be surrounded by 
striations which in reality are the same parallel  filaments seen in oblique section.  X  50,000. THE  JOURNAL  OF 
BIOPHYSICAL AND BIOCHEMICAL 
CYTOLOGY 
PLATE  301 
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FIC. 9.  Longitudinal sections through three long conical shaped nuclei and two proximal parts of the middle- 
pieces.  The internal nuclear elements present two extremes of appearance; a  twisted fibrillar  structure or dot- 
like structure. The nucleus is enveloped by the double membrane (L), one of which belongs to the cell membrane. 
It is clearly visible that the tail filaments in the proximal part of the middle-piece (region marked by the arrow) 
is  enveloped by the compact hefix  of the nebenkern derivatives.  X  20,000. 
Fla. 10. Enlargement of  the helical  sheath with banded structure from the portion of the mlddle-piece marked 
by the arrow  in  Fig.  9.  X  40,000. 
FIG. 11. Longitudinal section through the nucleus,  showing the acrosome (A)  at the apex of the nucleus and 
twisted electron-dense internal nuclear elements 430  to 830 A in thickness. The nucleus is enveloped by double 
membranes, an electron-dense internal membrane and a zig-zag less dense outer membrane. Slightly oblique cross- 
sections or longitudinal sections of  end-pieces (E)  can  be  seen  surrounding  the  maturing  spermatid  nucleus. 
X 41,600. THE JOURNAL OF 
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FIG. 12. Longitudinal section through the nucleus of an advanced spermafid imbedded in a nutritive cell,  show- 
ing internal fibrillar profiles oriented in a  helical fashion and constrictions (arrows)  on  the nuclear surface.  X 
10,000. 
FIO. 13. Ordinary light micrograph of smear preparation of spermatozoa, showing typical and atypical sperma- 
tozoa stained with hematoxylin-eosin. The  typical spermatozoa show  a  characteristic helical shaped head  (K), 
a  shrunken middle-piece,  and  a  more  shrunken  end-piece  (EP).  The  heads  of  atypical  spermatozoa  appear 
in various forms, long oval (O), rhombic (H) or rod shape (R), showing an affinity for hematoxylin in low degree. 
The middle-piece (MP) of atypical  spermatozoa  is  larger in width than  that of the  typical  ones. The  basophi] 
granules can be seen in the middle-piece at the points marked  by the arrows. The  extremity (end-piece) appears 
brush-like (B) in nature.  X  1,000. 
FIG. 14. Longitudinal sections through mature spermatozoa, showing long conical shaped heads (H) and middle- 
pieces (MP) composed of the tail filaments as well as the sheath with helical structure. The heads appear close to 
the nutritive cell (NC) and contain a  series of dense bodies each of which is enveloped by a  double membrane. 
X  9,000. THE JOURNAL OF 
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FIG. 15. Longitudinal thin section through a mature typical spermatozoon head located between two nutritive 
cells (NC), showing three pieces of the dense nuclear substance (DS) and the less dense material (ZM) which are 
enveloped by a head cap (HC). At the apex of the head a helical acrosome (AC) can be seen.  The discontinuous 
striations (arrows), with intermediate density, are visible between the double layers of the head cap.  )<  31,000. 
F~G.  ] 6.  Cross-sections through varying levels of mature typical spermatozoon heads, showing the dense nu- 
clear substance (DS) and the less dense nuclear material (ZM) which are enveloped by the head cap (HC) show- 
ing 16 to 18 dot-like profiles.  At the cross-sections through the lower part of the head the centriole or the proximal 
part of the tail  flagellum  can be seen at the points marked by the arrows.  X  9,000. THE  JOURNAL  OF 
BIOPHYSICAL AND BIOCHEMICAL 
CYTOLOGY 
PLATE  304 
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FIG.  17.  Electron micrograph of a  section through an early atypical spermatid, showing the nucleus in profile 
with two processes looking like pseudopodia at  the  distal  end  (black  arrows)  and  a  characteristic  cytoplasmic 
structure. The nucleus (N)  is enveloped with a well defined nuclear membrane and is provided with a  dense nu- 
cleo]us (NC). The Golgi zone (GZ) composed of granules, lamellae (L), and vacuoles of varying sizes can be seen 
in the j uxtanuclear  region. Mitochondria  (M)  contain a  matrix of intermediate density. Vesicles with electron- 
transparent  contents appear  in  the endoplasm,  and  in  the peripheral  region  many  curious  cytoplasmic bodies 
(CB) appear  as sharply  outlined  circular profiles,  each containing one to  six granules of varying density.  The 
bodies in a group, enveloped by a double membrane, are evident at the left lower corner of the figure (white arrow). 
X  11,000. THE JOURNAL OF 
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FIO.  18.  Electron micrograph of a  section through the distal portion of an early atypical spermatid,  showing 
development of at least five tail filaments (T) at the basal portion of the nucleus (N) which gives a  vesicular im- 
pression. The rounded, circular bodies (CB)  containing round dense granules are found in the cytoplasm. X 15,000. 
FIG.  19. Section containing five pieces  of late atypical spermatids. At the left is a  remarkably elongated cell 
through which the tail filaments  (T) are developing. The electron dense bodies (DB) are migrating to the periph- 
eral region of the cytoplasm at this stage.  X  8,250. 
FIG. 20. Area showing several longitudinal, tangential (TS) or slightly oblique sections through elongated atyp- 
ical spermatids. Tail filaments run parallel through the middle-piece (MP) and they are separated at the extrem- 
ity (EP) to give the appearance of a brush. The middle-piece  (MP) is enveloped with a sheath having a granular 
appearance. Each filament at the end-piece (EP)  is enveloped with a thin membrane 170 A thick. >(  ll,400. THE JOURNAL OF 
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FIC. 21.  Section through a more advanced atypical spermatid than the one represented in Fig.  15,  showing a 
flattened nucleus (N) in the apical portion of the cell and many pieces of developing tail filaments (T).  A proximal 
centriole (PC) with intermediate density and a distal centriole (DC) with higher density can be seen at the base 
of the nucleus (N). Mitochondria (M) of intermediate density are found near the tail filaments (T). Many circular 
bodies (CB) containing round granules of varying density are seen in the cytoplasm, except in the Golgi  zone 
(GZ) and in the area of the developing tail filament. At the points indicated by the arrows the membranes of such 
vesicles are continuous with the cell membrane and the contents are thus in contact with the space between the 
two adjacent cell membranes. Besides such circular bodies there can be found vesicles  (V)  with irregular shape, 
but without dense granular contents. The Golgi zone (GZ) consists of granules, lamellae,  and vacuoles of varying 
size.  X  19,500. THE  JOURNAL  OF 
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Fro. 22  Atypical spermatids in a  stage later than that illustrated in Figs.  17, 18, and 21. Thin flattened rem- 
nants of the nucleus can be seen at the apical portions of the cells (arrows). Mitochondria (M) are found along 
the developing tail filaments (T). The rounded circular bodies (CB) containing a few granules of varying density 
are visible all over the cytoplasm. A remnant of the Golgi complex can be found at the point marked by G. Ves- 
icles (V) of low density are visible along the developing tail filaments (T). At DB is a vesicle containing a single 
large dense body, probably the result of the aggregation of several dense granules. Electron dense, round or irreg- 
ular  bodies  (LP)  are  found in  the nutritive cells surrounding the spermatids.  X  10,400. THE  JOURNAL  OF 
BIOPHYSICAL AND BIOCHEMICAL 
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FIG. 23. A slightly oblique, longitudinal section through the head and proximal portion of the mlddle-piece of an 
adult spermatozoon. The head consists of many tail filaments (T), being capped by a  dense membrane (DM). 
The sheath of the middle-piece is composed of a series of dense bodies (DB).  X  23,000. 
FIG. 24. An atypical spermatid at a later stage than that of Fig. 21. A  portion of the navieular-shaped nucleus 
(N)  is closely  apposed to the cell membrane. Four centrioles (C)  appear as dense bodies. Mitochondrla (M) are 
visible  along  the  developing  tail  filaments  (T).  X  16,000. 
FIO. 25. Apical portion of a conical shaped atypical spermatid at a  later stage than that of the preceding figure. 
The nucleus (iV) is transforming to an arch form. The tail filaments (T)  in slightly  oblique, cross-sections and 
vesicles (V) with electron transparent contents can be seen. X  24,000. 
FIG. 26. Cross-section through an apical portion of an atypical spermatid at a later stage than that of Fig. 25. 
The nucleus (N)  is transformed to a complete arch or horseshoe profile.  Seven tail filaments (T)  can  be seen in 
cross-sections. X  16,000. THE JOURNAL OF 
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FIO. 27.  Longitudinal section through the superficial  layer of the head and the proximal part of the middle- 
piece in an adult atypical spermatozoon. Two axial filaments (T)  run through the head of intermediate density. 
Note that a dense part can be seen at the anterior end of the tail filament (arrow). Two profiles of large vacuoles 
can be seen at the base of the head. X  50,000. 
FIo. 28. Longitudinal section through the superficial  layer of the head and the axis in the proximal portion of 
the middle-piece of an atypical spermatozoon. The head is irregular in outline and is enveloped by a double mem- 
brane. Cross-sections  or slightly oblique cross-sections  of tail filaments (T)  can be seen in the electron-transparent 
matrix of the head. The middle-piece is composed of many tail fi]aments surrounded by a sheath consisting of a 
series of bodies of intermediate density.  X  54,100. THE JOURNAL OF 
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Fio. 29. Cross-section through the head of an atypical spermatozoon, showing seven tail flagella (T) in the elec- 
tron-transparent matrix  surrounded  by  a  broad  incomplete  ring  (RM)  of  granular  homogeneous  appearance. 
Both inner and outer sides of the ring are enveloped with the double membrane. Each tail flagellum is composed 
of nine  (single or double)  axial filaments surrounding a  pair of  filaments.  X  81,600. 
FIG. 30. Slightly oblique cross-section through the head, showing the tail flagella (T) in an electron-transparent 
matrix surrounded  by  the  broad  ring (RM). X  36,000. 
FIG. 31. Slightly oblique cross-section through two middle-pieces, showing seventeen tail flagella surrounded by 
a broad sheath consisting of a  series of bodies of varying density. Four gaps of collodion film can be seen. A dense 
body can be seen in the interior of the middle-piece at the point marked by  Y.  X  26,000. 
FIo. 32.  Cross-sections of the separated tail flagella at the level of the end-piece (EP). Each axial fibrous com- 
ponent is composed of nine peripheral pairs of filaments and a  pair of central filaments. Each tail flagellum is 
enclosed  by  a  sheath  of  low  density.  X  51,000. THE JOURNAL OF 
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